Understanding the molecular details associated with aberrant high mobility group A2 (HMGA2) gene expression is key to establishing the mechanism(s) underlying its oncogenic potential and effect on the development of therapeutic strategies. Here, we report the involvement of HMGA2 in impairing DNA-dependent protein kinase (DNA-PK) during the nonhomologous end joining (NHEJ) process. We showed that HMGA2-expressing cells displayed deficiency in overall and precise DNA end-joining repair and accumulated more endogenous DNA damage. Proper and timely activation of DNA-PK, consisting of Ku70, Ku80, and DNA-PKcs subunits, is essential for the repair of DNA double strand breaks (DSB) generated endogenously or by exposure to genotoxins. In cells overexpressing HMGA2, accumulation of histone 2A variant X phosphorylation at Ser-139 (;-H2AX) was associated with hyperphosphorylation of DNA-PKcs at Thr-2609 and Ser-2056 before and after the induction of DSBs. Also, the steady-state complex of Ku and DNA ends was altered by HMGA2. Microirradiation and real-time imaging in living cells revealed that HMGA2 delayed the release of DNA-PKcs from DSB sites, similar to observations found in DNA-PKcs mutants. Moreover, HMGA2 alone was sufficient to induce chromosomal aberrations, a hallmark of deficiency in NHEJ-mediated DNA repair. In summary, a novel role for HMGA2 to interfere with NHEJ processes was uncovered, implicating HMGA2 in the promotion of genome instability and tumorigenesis. [Cancer Res 2009;69(14):5699-706] 
Introduction
High mobility group A (HMGA) genes encode four chromatin binding proteins (HMGA1a, HMGA1b, HMGA1c, and HMGA2), each containing several '' AT-hooks, '' the functional motif characteristic of HMGA family (1) . HMGA2 ( formerly HMGI-C) function has been studied in detail in mice, where it is expressed in pluripotent embryonic stem cells and during embryogenesis, but is absent or present at low levels in terminally differentiated tissues. The physiologic function of HMGA2 seems critical for cell growth and adipogenesis as mice lacking functional HMGA2 exhibit a pygmy phenotype with greatly reduced fat tissue (2) . In addition, a critical role of HMGA2 in stimulating normal cardiogenesis has been suggested from studies using mouse embryonic carcinoma cells P19CL6 (3) or promoting mouse central and peripheral neural stem cell self-renewal (4) . By contrast, overexpression of HMGA2 in pituitary glands induces pituitary adenomas (5) , and misexpression of HMGA2 in mesenchymal cells of HMGA2 transgenic mice produces fibroadenomas of the breast and salivary gland adenomas (6) . Hence, HMGA2 is called an oncofetal protein.
In humans, the HMGA2 gene is located on chromosome 12q14.3, which is frequently amplified or subjected to chromosomal rearrangement. Elevated HMGA2 protein levels are associated with more malignant neoplasia, and HMGA2 rearrangements are frequently found in tumors of mesenchymal origin (7, 8) . Furthermore, recent data hints at novel roles for HMGA2 in the epithelial-mesenchymal transition during tumor metastasis (9) . Several independent studies have also identified HMGA2 transcript as a target for the let-7 family of microRNAs. Notably, disruption of let-7 repression of HMGA2 enhances tumor cell proliferation and cell transformation (10, 11) , further supporting the role of HMGA2 as an oncogene.
DNA double-strand breaks (DSB) can be generated by endogenous reactive oxygen species or destabilization of stalled replication forks as well as by exposure to a variety of exogenous agents, including ionizing radiation and chemotherapeutic agents. Proper repair of DSBs plays a prominent role in cell survival, maintenance of genomic integrity, and prevention of tumorigenesis (12) . Eukaryotes have evolved at least two major mechanisms for DSB repair: homologous recombination (HR) and nonhomologous end joining (NHEJ). Although HR is the main pathway in simple eukaryotes, NHEJ predominantly repairs DSBs in mammalian cells resulting from DNA-damaging agents (13) . Although NHEJ does not depend on the presence of homologous DNA sequences, it requires the DNA-dependent protein kinase (DNA-PK) complex, which is composed of a heterodimer of 70-and 80-kDa proteins (Ku70 and Ku80) and a 470-kDa DNA-PK catalytic subunit (DNA-PKc; ref. 14). The current model predicts that the DNA-PKcs functions as a ''gatekeeper, '' protecting DNA ends from premature processing and undesirable ligation until the two ends are properly juxtaposed and DNA-PKcs autophosphorylation can then take place (14) . Although efficient and appropriate repair of DSBs is essential for the preservation of genome integrity, the possibility of interfering with DNA-PK and/or NHEJ function by oncoprotein(s) other than genetic mutations of NHEJ components (Ku70, Ku80, DNA-PKcs, Artemis, Xrcc4, and DNA ligase 4) per se is still unclear. Given the evidence that HMGA2 is an oncoprotein, we investigated whether HMGA2 plays a role in impairing cellular DSB repair functions.
This report is, to our knowledge, the first direct cell biological, biochemical, and cytogenetic evidence to suggest a novel role for HMGA2 in modulating the NHEJ processes during the repair of DSBs, resulting in accumulation of chromosomal aberrations. We showed that HMGA2 caused DNA-PKcs hyperphosphorylation at Ser-2956 and Thr-2609 and accumulation of g-H2AX both before and after induction of DSBs. Conversely, knockdown of HMGA2 decreased the levels of both basal and Dox-induced DNA-PKcs hyperphosphorylation. Our studies using real-time imaging in living cells showed a prolonged presence of DNA-PKcs at DSB sites in HMGA2-expressing cells receiving microirradiation, a photobleaching technique that used a 365-nm pulsed nitrogen laser to introduce a small area of DNA damage in the cell nucleus. We also showed that HMGA2 had profound effect on the rate for g-H2AX clearance after exposure to ionizing radiation. As genomic instability is particularly important in tumor progression (15) , our results suggest that HMGA2 interference of NHEJ function contributes to tumorigenesis by promoting genome instability.
Materials and Methods
Cell culture and construct preparation. In all assays, cells were serum starved (48-72 h) using Opti-MEM (Life Technologies Lifetech) to achieve at least 60% synchronization in G 1 phase, as confirmed by fluorescenceactivated cell sorting analyses. Normal human lung fibroblast WI-38 cells (ATCC CCL-75) were maintained in DMEM (Mediatech) containing 10% fetal bovine serum (FBS; Hyclone) supplemented with 0.1 mmol/L nonessential amino acids. CHO-AA8, V3, Xrs6, CL48, Hep3B, HepG2, MEF, MEF/Ku70(À/À), M059K, and M059J cells were all maintained in DMEM containing 10% FBS. HCC1419, Hs578T Pa-4, and Pa-4/HMGA2 cells were cultured as previously described (16) . HeLa/HMGA2 and HeLa/HMGA2(4P/A) cells were generated by transfecting parental HeLa cells with HA-HMGA2-and HA-HMGA2(4P/A)-pcDNA3.1 plasmids, respectively, using Lipofectamine 2000 (Invitrogen). Cells were then cultured in 10% FBS/DMEM supplemented with 1 and 0.3 mg/mL G418 (Invitrogen) for selection and clonal expansion, respectively. HA-HMGA2 and HA-HMGA2(4P/A), which carried a combination of P48A, P53A, P76A, and P80A mutations, were generated using the previously described methods (17) . HMGA2 and HMGA2(4P/A) were PCR amplified with Xho I flanking the 5 ¶-and Bam HI flanking the 3 ¶-ends followed by Xho I/ Bam HI digestion. The digested products were subsequently ligated into Xho I/ Bam HI-linearized pIRES2-DsRed2 vector (Clontech) to generate HMGA2-IRES-DsRed and HMGA2(4P/A)-IRES-DsRed construct, respectively. All engineered constructs were verified by DNA sequencing, and expression of these constructs was verified by Western analyses.
Western analyses, antibodies, and immunofluorescence. Western analyses were done as previously described (16) . The antibodies used in this study were as follows: anti-HA (Covance), anti-HMGA2 (Biocheck), antiactin (Chemicon), anti-g-H2AX (Upstate), and anti-DNA-PKcs, antinucleolin, and anti-H2AX (Santa Cruz), and anti-DNA-PKcs (p-T2609), anti-DNA-PKcs (p-S2056), and anti-Ku80 polyclonal antibodies were generated as previously described (18) . Immunofluorescent staining was performed as previously described (19) . For confocal images, the volume of each DNA-PKcs-T2609 foci was quantified by first using the scale provided by Zeiss Software to measure the diameter, and then using the formula, V = 4 / 3 kr 3 , to calculate the volume. Viral transduction, cytogenetic analyses, and HMGA2 knockdown. Lentiviral vectors pRRLsin.hCMV-HMGA2, pD8.7, and pVSV-G were constructed and used for lentiviral production in HEK 293T cells as previously described (20) . WI-38 cells were infected with lentiviruses encoding HMGA2 or vector alone, and the transduced WI-38 cells were maintained in culture for two passages, at 1:3 dilutions, to allow time for the genome to stabilize before further analysis was performed. For cytogenetic analysis, the HMGA2-and vector-transduced WI-38 cells were harvested according to established protocol (20) . HMGA2 was knocked down by retroviruses produced using pSin-Puro-miR30-shHMGA2 vector generously provided by Dr. Scott Lowe (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY).
Laser microirradiation, time lapse imaging, and calculation of protein recruitment kinetics. DSBs were introduced in the nuclei of cultured cells by microirradiation and imaged using previously described methods (21) . Time-lapse image acquisition began before laser microirradiation so as to obtain an image of the cell before irradiation. Images before and after irradiation were captured with a 400 ms exposure time. Signal intensities of accumulated YFP at the microirradiated site were calculated as previously described (21) .
DNA end-binding activity of Ku80. HeLa/vector, HeLa/HMGA2, and HeLa/HMGA2(4P/A) cells were treated with Dox (5 Amol/L) at indicated time points. Preparation of nuclear extracts and assessment of DNA endbinding activity of Ku80 were carried out using a Nuclear Extract kit and a Ku70/Ku80 DNA Repair kit, respectively (Active Motif), according to suggested protocols. Protein from each sample (2.5 Ag) was used in the Ku70/80 DNA repair assay.
X-irradiation. Cells were irradiated (3 Gy/min, room temperature) using a 137 Cs source (Mark II, g irradiator). Cells were then harvested using Laemmli sample buffer at respective time points after irradiation followed by Western analysis.
Statistical analysis. Statistical analyses were performed using one-way ANOVA, followed by post hoc comparisons based on modified NewmanKeuls-Student procedure with P value of <0.05 considered significant. Where appropriate, unpaired Student's t tests were also performed to determine the difference between two data groups.
Results
The aim of this study was to investigate the role of HMGA2 in the perturbation of DSB repair by NHEJ. In light of the fact that HR uses sister chromatids for DSB repair, and therefore occurs only in dividing cells in S or G 2 phase (22), cells enriched in G 1 phase were used throughout the study.
HMGA2 stimulates basal and DSB-induced DNA-PKcs phosphorylation at Ser-2056 and Thr-2609 and reduces Ku80 DNA end-binding. Given that HMGA2 overexpression caused accumulation of DNA lesions and dysregulation of NHEJ (Supplementary Fig. S1 ), we investigated whether HMGA2 altered the Doxinduced DNA-PKcs activation profile by monitoring DNA-PKcs phosphorylation at both Ser-2056 and Thr-2609, which was shown to be important for proper NHEJ-mediated repair of DSBs (18, 23) . DNA-PKcs-Ser-2056/-Thr-2609 hyperphosphorylation signals were detected 2 hours after Dox treatment in HeLa/HMGA2 cells compared with Dox-treated HeLa cells (Fig. 1A , lanes 5 and 6 versus lanes 2 and 3). Consistent with these results, immunofluorescent staining revealed there were more pT2609-DNA-PKcs foci in Dox-treated HeLa/HMGA2 cells (Fig. 1B) . Quantitative analyses further confirmed an increase in the average number and volume of discrete nuclear pT2609-DNA-PKcs foci in HeLa/HMGA2 cells 30 min after Dox treatment (Fig. 1B) . Comparable nuclear accumulation of Dox-associated red fluorescence intensity was measured (data not shown) in both cell types suggested T2609-DNA-PKcs hyperphosphorylation in HeLa/HMGA2 cells was not due to increased Dox in the nucleus. The contention that HMGA2 affects proper DNA-PK function in DSB repairs was further confirmed in HMGA2-expressing Hep3B and HepG2 cells (Supplementary Fig. S2A ), in Ku70-deficient (Ku70À/À) MEF cells ( Supplementary Fig. S2B ), and in DNA-PKcs-deficient M059J cells ( Supplementary Fig. S2C ), as seen by the marked decrease in cell viability post treatment with increasing concentrations of Dox or cisplatin compared with HMGA2-underexpressing cells or their wild-type (wt) counterparts. DNA-PKcs hyperphosphorylation signals were also observed in HMGA2-expressing Hs578T, but not HMGA2-underexpressing HCC1419 breast cancer cells (Fig. 1C, top) . Knockdown of endogenous HMGA2 by sh-HMGA2 conferred a decrease in both basal and Dox-induced pS2056-and pT2609-DNA-PKcs signals compared with vector shRNA in Hs578T cells (Fig. 1C, bottom, lanes 3 and 4 versus lanes 1 and 2) . Notably, the observed increase in pS2056-DNA-PKcs signal before Dox treatment (Fig. 1A and C ) possibly reflects the basal activation level of DNA-PKcs in response to elevated DSBs resulting from the defect in DSB repair caused by HMGA2 expression.
Ku is a heterodimer that has DNA end binding activity and is required for proper DSB repair by NHEJ (20) . To explore the mechanisms associated with HMGA2 and DNA-PKcs hyperphosphorylation, we used an in vitro Ku70/Ku80 DNA repair assay to monitor whether or not HMGA2 or HMGA2(4P/A), a mutant form that carries 4 Pro!Ala substitutions at amino acid residues 48, 52 (second AT-hook), 76, and 80 (third AT-hook), altered Ku DNA endbinding. HMGA2(4P/A) expression almost completely abrogated the wt HMGA2-induced sensitivity to DSBs (data not shown), suggesting that the HMGA2(4P/A) protein did not affect DSB repair. Expression of HMGA2, but not HMGA2(4P/A), significantly reduced the steady-state Ku80 complex in the nuclear extract and DNA ends in vitro (Fig. 1D) . A slightly decreased steady-state complex of Ku80 and DNA ends was noticed 2 hours after Dox treatment, consistent with observations by Turchi and colleagues (24) that cisplatin decreased the number of Ku molecules bound to DNA.
HMGA2 induces a prolonged presence of DNA-PKcs at DSB sites in response to laser damage in living cells. The effects of HMGA2 on the spatiotemporal dynamics of DNA-PKcs recruitment to DSBs were then investigated. V3/YFP-DNA-PKcs cells, a DNAPKcs-deficient cell line that stably expresses YFP-tagged DNAPKcs, were transiently transfected with HMGA2 or its mutant HMGA2(4P/A) in a bicistronic vector with IRES-driven DsRed (Supplementary Fig. S3A) . A small area of DNA damage in the nucleus was introduced with a microirradiation system and laserinduced DSBs were confirmed by immunofluorescent staining with g-H2AX (data not shown). DNA-PKcs was localized at laser-induced DSB sites and the expression of DsRed did not interfere with theproper response of the transfected V3/YFP-DNA-PKcs cells to the laser damage (Supplementary Fig. S3B ). Immediately after microirradiation, there was a rapid increase ( first 30 seconds) in YFP-DNA-PKcs at the damaged sites in YFP-DNA-PKcs-expressing V3/ vector, V3/HMGA2, and V3/HMGA2(4P/A) cells ( Fig. 2A, left) . The initial kinetics of DNA-PKcs accumulation at DSB sites were comparable among vector-, HMGA2-, and HMGA2(4P/A)-transfected V3/YFP-DNA-PKcs cells (Fig. 2B) . Time-lapse imaging was then performed for a period of 2 hours following laser irradiation. Interestingly, there were significant differences among the three cell lines in the behavior of DNA-PKcs at DSB sites ( Fig. 2A, right) . The fluorescence intensity of the accumulation area in both YFP-DNA-PKcs-expressing V3/vector and V3/HMGA2(4P/A) cells decreased to f20% of the maximum level at the end of a 2-hour period. However, the intensity of the accumulation area in V3/HMGA2 cells was at f60% of the maximal level at 2 hours after treatment (Fig. 2C) . These results showed that the expression of HMGA2, but not HMGA2(4P/A), conveyed a prolonged presence of DNA-PKcs at the DSB sites. Because DNA-PKcs mutants that are deficient in NHEJ showed prolonged stay at introduced DSB sites (21), we conclude that the sustained DNA-PKcs accumulation area in HMGA2-transfected cells likely reflected the inability to timely repair of DSBs. The specific involvement of HMGA2 in dysregulating NHEJ DNA repair was further confirmed by the expression of a vector, HMGA2 or HMGA2(4P/A) in CHO-AA8 (wt), V3 (DNA-PKcsÀ/À), and Xrs6 (Ku80À/À) cells (Supplementary Fig. S4A ) followed by cell viability assay in response to Dox treatment. Enhanced sensitivity to Dox treatment was observed in HMGA2-transfected AA8 cells compared with both vector-or HMGA2(4P/A)-transfectants (Supplementary Fig. S4B ). However, HMGA2 failed to further sensitize V3 and Xrs6 cells ( Supplementary Fig. S4C and S4D ), suggesting that HMGA2 might be specifically perturbing NHEJ, because no additional sensitization to Dox was conferred in cells already NHEJ-deficient due to the lack of crucial NHEJ components (e.g., DNA-PKcs or Ku80).
Delayed clearance of ;-H2AX after X-irradiation in HMGA2-expressing cells. Histone H2AX rapidly undergoes phosphorylation at Ser-139 (g-H2AX) in response to DSB. As g-H2AX foci provide a measure of the number of DSBs within a cell, the elimination of g-H2AX is indicative of DSB repair (25) . Accumulation of g-H2AX in DSB repair has been shown as an apparent DNA repair deficit caused by DNA-PK inhibitors (26) or DNA-PK deficiency following irradiation (27) . Accordingly, we asked whether HMGA2 also modulated g-H2AX clearance rates at various time points after X-ray exposure. DNA-PKcs-deficient M059J cells exhibited marked increases in the level of g-H2AX both before and after irradiation compared with their DNA-PKcs-proficient counterparts, M059K cells (Fig. 3A) . Although M059K and M059J cells are isolated from the same tumor specimen, DNA-PKproficient M059K cells express higher levels of ATM than M059J cells (28) . To rule out the effect of ATM on g-H2AX clearance, we monitored the disappearance of g-H2AX in HeLa cells with distinct HMGA2 contexts. Stable expression of HMGA2, but not HMGA2(4P/A), rendered enhanced and prolonged phosphorylation of H2AX after irradiation compared with HeLa and HeLa/vector cells (Fig. 3B) . To avoid artifact from our engineered HeLa/HMGA2 cells, profiles for g-H2AX clearance in various cancer cell lines that are endogenously overexpressing HMGA2 were then examined to realistically reflect the physiologic relevance of HMGA2 in tumor cells. Higher levels of g-H2AX were detected in extracts both before and after irradiation in Hep3B and HepG2 (HMGA2-expressing) compared with CL48 cells (Fig. 3C) , presumably due to the slower rate and/or reduced extent of clearance in Hep3B and HepG2 cells. The higher basal level of g-H2AX and its delayed clearance after irradiation were also reproduced in HMGA2-expressing Hs578T, but not in HMGA2-underexpressing HCC1419, breast cancer cells (Fig. 3D) . These findings showed that endogenous expression of HMGA2 in tumor cells induced higher basal levels of g-H2AX and delayed g-H2AX elimination after irradiation, a phenotype recapitulating DNA-PK deficiency (Fig. 3A) .
HMGA2 causes spontaneous chromosome aberrations in WI-38 cells. For proof-of-concept that HMGA2 renders chromosome instability, we ectopically expressed HMGA2 or a vector in normal human lung fibroblast WI-38 cells via lentiviral transduction to generate WI-38/HMGA2 and WI-38/vector cells, respectively. Both of the vector-and HMGA2-transduced cells were pooled and passaged twice, at 1:3 dilution, before cytogenetic studies to avoid cloning bias. Twenty-five randomly selected metaphases from each pool were analyzed by cytogenetical characterizations to screen for chromosome aberrations. Of the 25 WI-38/HMGA2 cells, 5 showed a karyotype with 92 chromosomes, 4n (Supplementary Fig. S5A ). In addition, nine chromosome aberrations, including one translocation (Fig. 4A) , seven nonclonal chromosome breaks and gaps (Fig. 4B) , and one dicentric chromosome (Fig. 4C) were documented. Some metaphases had more than one event of a particular type of chromosome aberration (Fig. 4A) . Parallel studies of 25 WI-38/vector cells all showed a normal female karyotype within the limits of banding resolution ( Supplementary Fig. S5B ) with three cells showing minimal instability of a single break in the centromeric region. The percentage of metaphases with normal 2n or with any structural abnormality in WI-38/HMGA2 and WI-38/vector cells is summarized in Fig. 4D and the expression of HMGA2 in transduced cells was confirmed by Western analysis (Fig. 4D, inset) . These results unequivocally showed that overexpression of HMGA2 promotes the accumulation of chromosomal aberrations.
Discussion
Herein, we present evidence in support of the fact that a distinguishing feature of HMGA2 oncoprotein is to dysregulate DNA damage response by impeding NHEJ, leading to genomic instability, a hallmark of tumorigenesis (15) . The majority of DSB joining is completed in a rapid manner to restore the structural integrity of the chromosome (21, 29) , thus preventing illegitimate joining of chromosomes containing unrepaired DSBs. Cui and colleagues (23) showed that the presence of DNA-PKcs at DNA ends effectively blocked the access of either processing nucleases or ligases. Importantly, DNA-PKcs mutants, incapable of repairing DSBs, displayed rapid initial accumulation, identical to wt DNAPKcs, but delayed disappearance from the DSB sites (21) . In agreement, the failure to release DNA-PKcs from DSB sites in HMGA2-expressing cells (Fig. 2) likely reflected the HMGA2-conferred inability of NHEJ to timely repair DNA lesions.
There are several other possibilities that could account for the observations that HMGA2 facilitates DNA lesion accumulation. For example, HMGA2 could affect HR repair or alter chromatin structures. Although HR involvement was not directly examined, it was effectively ruled out as all experiments were performed using cells enriched in G 1 phase. Although there are several lines of evidence to suggest that HMGA2 is associated with senescenceassociated heterochromatic foci (30) and heterochromatin serves as a barrier for NHEJ to repair DSB (31), we showed that HMGA2 impaired DSB repair in several cancer cell lines from different origins (Figs. 1 and 3 ). As cellular senescence is proposed to prevent tumorigenesis in vivo (32), we postulated that the accumulation of HMGA2-mediated DNA lesions in HMGA2-expressing cancer cells was not likely result from an HMGA2-associated increase in heterochromatin. Moreover, our biochemical evidence showed hyperphosphorylation of DNA-PKcs (Fig. 1A-C) and a decrease in the steady-state complex of Ku80 with DNA ends (Fig. 1D) . Recently, Chen and colleagues (33) reported that treatment with histone deacetylase inhibitor SAHA increased g-H2AX accumulation and further showed that Ku70 was a target of SAHA-treatment. Acetylation of Ku70 following SAHA treatment resulted in the decrease of Ku70 binding to DNA ends. Furthermore, our preliminary in vitro results confirmed that pretreatment of SAHA only affected DNA-binding of Ku in HeLa, but not HeLa/HMGA2 cells (data not shown). Therefore, it is also possible that acetylated Ku70 [due to HMGA2-repressed HDAC activities (data not shown)] affected the dislodging of DNA-PKcs from DSB. Although the exact sequence of events associated with HMGA2 is not well-established, our data clearly showed that HMGA2 impaired DNA-PK function and therefore diminished cellular ability to repair DSBs.
Chromosomal aberrations, a karyotypic hallmark of oncogenesis, come in many forms and contribute to neoplasia. Ferguson and colleagues (34) reported that Ku70À/À and ligase 4À/À MEFs exhibited dramatic increases in spontaneous chromosomal fragmentation and nonreciprocal translocation compared with wt controls. The role of NHEJ in maintaining genomic stability was further confirmed by recent observations that oncogenic c-myc/ IgH translocations were observed in the absence of Ku or Xrcc4 (35) and that formation of NHEJ-derived chromosomal translocation occurred in the absence of Ku70 (36) . The high rate of chromosomal breaks and/or gaps in WI-38/HMGA2 cells (Fig. 4B) implicates HMGA2 expression in defects in DNA repair and eventual genome instability. Furthermore, one of the most obvious differences between normal and cancer cells is aneuploidy. A wealth of data suggests that tetraploidy (4n) is a genetically unstable intermediate that can precede the development of gross chromosomal aneuploidy (37) . In agreement with Fig. 4D , DNAPKcs-impaired cells exhibited DNA content beyond 4n (38) . The frequent appearance of cells with 4n DNA in WI-38/HMGA2 cells (Fig. 4D ) supports a role of HMGA2 in providing a route to aneuploidy. Aside from repair, DNA-PK and Ku are also involved in masking chromosome ends to prevent them from being recognized as DSBs (39) . HMGA2 could potentially affect the role of DNA-PK and Ku at the telomere and eventually lead to chromosome end-toend fusion (Fig. 4C ). These observations suggest that HMGA2 promotes neoplastic transformation or malignancy due to its effect on the DNA damage response, hence underscoring the oncogenic role of HMGA2.
Current research suggests DNK-PK is not only involved in DNA repair, but is also a molecular sensor for DNA damage, enhancing the signal via phosphorylation of many downstream targets (40) . NHEJ has been reported to be involved in surviving topoisomerase II-mediated DNA damage (41) , and Dox is known to intercalate with DNA and interact with topoisomerase II (42) . Our observations that HMGA2-expressing cells were more sensitive to Dox treatment ( Supplementary Fig. S2 ) supported the contention that HMGA2 interfered with DNA-PK and NHEJ. Consistent with our observations, Friesen and colleagues showed (43) that inhibition of DNA-PK by Wortmannin overcame Dox-resistance in Nalm6 cells. Conceivably, HMGA2 impairs NHEJ repair, which fails to efficiently repair DSBs, leading to sensitivity to DNA-damaging agents. Moreover, HMGA2 failed to convey enhanced sensitivity toward the antimicrotubulin agent Taxol (Supplementary Fig. S2D ), further confirming that HMGA2 specifically affects cellular responses to DSBs. In light of that DSB-induced genome instability is believed to be important for tumor progression (15, 34) , it is conceivable that the activation of apoptosis pathway serves the purpose to eliminate cells with chromosomal damage that risk errant repair and oncogenic transformation. Apoptosis induction was shown in HMGA2-expressing cells (data not shown); therefore, it is easy to appreciate the dual role of HMGA2 in both facilitating oncogenic transformation and favoring DNA-damage-induced cell death. This raises an intriguing therapeutic issue while HMGA2 sensitizes tumor cells to radiation or chemotherapy; HMGA2 also increases the risk of further transformation. This contention is supported by the observation that the enriched breast cancer self-renewing tumor-initiating cells express higher level of HMGA2 (44) . Furthermore, the accumulation of basal DSBs as evidenced by an increase in Olive Tail Moment in Pa-4/HMGA2 cells (Supplementary Fig. S1A ) provides mechanistic support for the observation that HMGA2 increases spontaneous chromosomal aberrations in WI-38/HMGA2 cells (Fig. 4) , supporting our contention that HMGA2-expressing tumors progress faster by accumulating additional mutations caused by DSBs.
In summary, the present study provides new findings concerning HMGA2 oncogenic function. First and foremost, HMGA2 was shown to be a regulator of NHEJ that impairs DNA-PK dynamics by altering Ku binding to DNA ends. Second, the inhibition of NHEJ by HMGA2 also facilitated the accumulation of chromosomal aberrations, highlighting the importance of HMGA2 as a molecular switch that promotes tumorigenesis. Further delineating the molecular signaling network connecting HMGA2 with the DNA damage response is an exciting area for future study that could effect the development of therapeutics against HMGA2-positive malignancies.
